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Frequency-dependent cyclotron-resonance measurements are reported on GaQ47InQ53As-InP and
GaQ47InQ53As-AlQ48InQ52As heterojunctions. Discontinuities in the effective mass occur at two fre-
quencies as a result of resonant polaron coupling with both optic-phonon modes present in the
GaQ 47InQ 53As alloy. The coupling occurs at the frequencies at the TO phonons, in contrast to mea-
surements on bulk materials, Possible changes in the screening and polarization of the optic-
phonon modes are considered.
PACS numbers: 71.38.+i, 73.60.Fw
The interaction of electrons with optic phonons in
two-dimensional systems is currently a subject of con-
siderable debate. This Letter reports studies of mag-
netopolarons in Gao 47Ino 53As-based heterojunctions,
which show that the dominant interaction occurs near
the frequency of the transverse-optic (TO) phonons,
in contrast to previous assumptions. Several other
studies of polaron cyclotron resonance in two-
dimensional (2D) systems have been reported, in
which it has been found that polaronic effects are
enhanced in some situations'2 and reduced in oth-
ers. Calculations suggest that the expected in-
teraction with LO phonons is enhanced by the relaxa-
tion of momentum conservation perpendicular to the
interface and possible further contributions from inter-
face optic phonons. However, the inclusion of screen-
ing and the surface potentials ' leads to a reduction in
the coupling. Recent studies of magnetophonon oscil-
lations in GaInAs 2D structures indicate that the inter-
faces and the confining potential play a significant role
in determination of the dominant coupling. "
In this series of measurements we have studied
cyclotron-resonance absorption in GaInAs-InP and
GaInAs-AlInAs heterojunctions grown at Thomson-
CSF by metal-organic chemical-vapor deposition'4 and
at Bell Laboratories by molecular-beam epitaxy, '
respectively. The samples have electron concentra-
tions of 3&10" and 8X10" cm 2, respectively, and
have been described in earlier works. ' ' The
transmission of far-infrared radiation was studied as a
function of magnetic field at 4.2 K, with a large
number of wavelengths from an optically pumped far-
infrared laser. Particular care was taken to study the
region of 35—60 p, m covering the reststrahl band of
GaInAs. It was possible to work within the Aeststrahl,
since the samples were grown on InP substrates and
the bulk GaInAs layers were only —1 p, m thick. It
was found necessary to check the infrared wavelengths
for each measurement with a Michelson interferome-
ter to obtain accurate and reproducible results, as
several of the frequently quoted lines in this region
were found to be substantially in error when
wavelength measurements were made to an accuracy
of 0. 1 p, m, and often occur in closely spaced pairs. As
a consequence, some of the resonance values reported
in our earlier measurements' are substantially in er-
ror. The sample substrates were wedged to avoid in-
terference.
Some typical experimental recordings are shown in
Fig. 1. As the frequency approaches that of the optic
phonons in GaInAs'6 the resonances are seen to
broaden, and then to narrow very dramatically, becom-
ing asymmetric at the same time. For the GaInAs-InP
heterojunction, a second, unexplained resonance was
also observed —3 T above the normal cyclotron reso-
nance for wavelengths in the region 50—60 p, m. The
resonance positions also show an anomalous depen-
dence on frequency, as is shown in Fig. 2 for the two
heterojunctions. The plot of resonant field against fre-
quency shows two distinct breaks, at approximately
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FIG. 1. Typical experimental recordings of the cyclotron
resonance in 4.2 K in the two systems studied. The
wavelength is shown in microns.
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222 and 255 cm ', in the manner characteristic of po-
laron coupling. Such behavior has been observed in a
number of bulk semiconductors, ' with the break oc-
curring at the frequency of the longitudinal-optic (LO)
phonon. Coupling occurs primarily to the Lo phonon
because of its large polarization field. The coupling is
demonstrated more clearly in the present case by a plot
of the frequency dependence of the effective mass, as
shown in Fig. 3. The typical error in these plots may
be estimated by the assumption of an uncertainty in
the resonant field of +10'/o of the resonance half-
width. In the region of the phonon energies, this gives
Am'= + 0.0002m, . This error increases at lower fre-
quencies, as the resonance linewidth is only a weak
function of magnetic field.
The optic-phonon properties of Ga0471no 53As alloys
have been measured both by reflectivity'9 and by Ra-
m an scatter jng 20-22 These show that the optic modes
have a "two-mode" character, corresponding to the
two alloy constituents GaAs and InAs, with "GaAs"
LO and TO frequencies of 272 and 256 cm ' and
"InAs" LO and TO frequencies of 233 and 226 cm
at 77 K. The Raman measurements were repeated on
the present layers, giving the same values. The re-
markable feature of the polaron cyclotron resonance is
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FIG. 2. The frequency dependence of the cyclotron
resonant field in the region of the optic-phonon modes. The
solid line shows the expected dependence for a constant ef-
fective mass, while the dashed lines indicate the apparent
coupling frequencies of 222 and 255 cm
the coupling energies at which the discontinuities in
the effective masses occur. These are at, or very
slightly below, the energies of the TO phonons, and
are well below the LO modes. There is also a very rap-
id narrowing and pronounced asymmetry of the reso-
nances once the last coupling energy at 255 cm ' has
884
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been passed. By 287 cm ', there has been an approxi-
mately threefold fall in the linewidth. The rapid fall is
a feature of both samples studied, and may itself ac-
count for the asymmetry of the line shape, which
would narrow as the field increases, since the resonant
coupling is a function of the field rather than the fre-
quency. One possible cause of both asymmetric line
shapes and peak shifts is the complex nature of the
dielectric function in the Reststrahl region. Simula-
tions of the complete dielectric function were used to
determine the transmission, 23 and it was found that
this did not cause any significant modifications to the
resonance position or line shape for the layer
thicknesses and frequencies studied. The narrowing
thus seems to be further evidence for coupling at the
TO frequency.
Two important points arise from the energy-
dependent effective-mass plots shown in Fig. 3. First-
ly, there is the shift of the resonant coupling down to
the TO-phonon frequency for both optic-phonon
modes. Secondly, the relative coupling strengths to
the two modes are different in the two structures. The
GaInAs-A1InAs heterojunction shows a much larger
discontinuity at the lower, InAs mode, while the
GaInAs-InP heterojunction has a larger discontinuity
Frequency, cm "
FIG. 3. The frequency dependence of the effective mass
as deduced from the resonance positions shown in Fig. 2.
The dashed lines are a guide to the eye, and also indicate the
apparent coupling frequencies of 222 and 255 cm
at the GaAs frequency. This behavior is entirely con-
sistent with magnetophonon measurements, which
show coupling to InAs modes in the GaInAs-A1InAs
structures, and to GaAs modes in GaInAs-InP struc-
tures. " '3 Well away from the resonant coupling, the
difference in the high- and low-frequency masses
should provide a direct measurement of the strength
of the polaron coupling. This value could not be de-
duced from the present measurements, as it was not
possible to extend the measurements to higher fre-
quencies because of absorption in the reststrahl band of
the InP substrates. Another complicating factor is the
influence of nonparabolicity, which causes a linear rise
in the effective mass with energy once the ultraquan-
tum limit has been reached and the only transitions
contributing to the resonance are those from the N = 0
to the N = 1 Landau level. '2'3 This occurs at —6 and
—16 T for the two samples, respectively, which corre-
sponds to frequencies of 110 and 300 cm ', and
hence the data for the lower-concentration GaInAs-
InP sample show a steady increase in mass in addition
to the resonant effects. It has recently been demon-
strated experimentally that this nonparabolicity is ap-
proximately double that predicted by k p theory, pos-
sibly as a result of alloy disorder. The occupation of a
second electric subband in the higher-concentration
sample may also be significant, '7 although no evidence
was found for a separate transition with a significantly
different effective mass.
Das Sarma7 has calculated the magnitude of the
effective-mass splitting for the resonant case
cu, —cuLo. For a perfectly 2D system, this would give
masses shifted by +10% in GaInAs, around 5 times
larger than the effect observed here. The inclusion of
the finite wave function of the heterojunction in the
third dimension will reduce this splitting by a factor of
up to 3 for the 3D limit. 7 a The full self-consistent in-
clusion of screening into the resonant polaron coupling
is a problem which has not been fully studied; howev-
er, it is likely to be very important in high magnetic
fields because of the extreme degeneracy of the Lan-
dau levels. Calculations without field indicate a signi-
ficant reduction of the polaron mass enhancement by
screening. 9 In contrast, recent measurements by Horst
and Merkts in the Voigt configuration suggest that
screening and surface phonons do not contribute to
the surface polaron.
It is well known from Raman measurements in
heavily doped bulk GaAs 5 that the frequency of the
coupled plasmon —optic-phonon system approaches
that of the TO phonon for large q vectors. This
behavior may be related to our results, where the
dominant coupling is at the TO phonon frequency. An
interchange of LO and TO phonon character has been
observed recently in GaAs-GaAlAs superlattices by
Zucker et al. ,26 in which selection rules for Raman
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scattering were found to be interchanged for the two
phonons.
Coupling to TO modes is not observed in bulk ma-
terial because their only polarization is at the surface,
which is insignificant for the bulk case. For a thin ion-
ic slab, a transverse vibration occurs at the bulk LO
frequency and the longitudinal vibration occurs at the
bulk TO frequency. 27 Because of the boundary condi-
tions, the in-plane ionic vibrations all occur at the TO
frequency, 2 and it is these that are most likely to
couple to the electrons. The single boundary in the
heterojunctions may be expected to exert a similar in-
fluence, although the analogy to slab modes is only ap-
proximate. It is clear that the presence of the interface
is significant, since we have shown that the relative
strengths of the couplings are different for the two dif-
ferent interfaces.
A detailed description of the coupled modes in the
systems studied here is difficult because of the similar-
ity of the q vectors and energies of the various excita-
tions. The Thomas-Fermi wave vector, the phonon
wave vectors, and the inverse of the electron
wavelength for binding to the interface are all compar-
able ( —10s m '), which leads to a complicated
dielectric function which must be determined self-
consistently. Nevertheless, the experimental evidence
shows a clear coupling to an optic-phonon mode at the
frequency of the bulk TO phonon, with little or no
coupling at the bulk LO frequency. The role of the in-
terface has been clearly demonstrated by the different
behavior shown by the two types of heterojunctions
studied. This, and the presence of the two-
dimensional electron gas, are thought to result in a
modification of the polarization and screening associat-
ed with the optic-phonon modes, which produces very
significant changes in the electron-phonon interaction
at the heterojunction.
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